ABSTRACT
INTRODUCTION
Addressing each of these fundamental questions is predicated on the ability to assign taxonomy 37 and gene function to unknown sequences. 38
39
Several new tools and approaches for taxonomic identification of DNA sequences have emerged 40 [3] [4] [5] , in addition to community-driven 'bake-offs' and benchmarks 6 . k-mer based classification 41 methods such as Kraken or CLARK 3,7 are notable for their exceptional speed and specificity, as 42 both are capable of analyzing hundreds of millions of short reads (ca. 100 base pairs) in a CPU 43 minute. These k-mer based algorithms use heuristics to identify unique, informative, k-length 44 subsequences (k-mers) within a database to help improve both speed and accuracy. A challenge 45 for k-mer based classification approaches is that closely related species and strains often contain 46
RefSeq database growth 70
Since its release in June 2003 bacterial RefSeq, on average, has doubled in size (giga base pairs, 71
Gbp) every 1.5 years (Fig. 1A) , with the number of unique 31-mers in the database growing at a 72 similar rate (Fig. 1B) . A more recent release, bacterial RefSeq version 84 (released 9/11/2017), 73 totaled over 700 Gbp of sequence data. The Simpson's index of diversity is a metric with values 74 between zero and one that reports the probability that two individuals randomly selected from a 75 sample will not belong to the same species. Samples with a high Simpson's index of diversity 76 (i.e. closer to one) may be considered more diverse than those with low values (i.e. closer to 77 zero). The diversity for each version of the bacterial RefSeq database increased until April 2013 78 where the Simpson's index of diversity for each subsequent bacterial RefSeq release has trended 79 downward (Fig. 1C) . A slower growth is also seen in the number of new bacterial species in 80 each RefSeq version, indicating many of the same species are being sequenced repeatedly ( (Fig. 2) . The accuracy of each Kraken run depends on the RefSeq version used in the 87 search ( Fig. 2 ; Table 1) . Correct genus-level classifications increased as RefSeq grew, but 88 correct species-level classifications peaked at version 30 and tended to decline thereafter (Fig. 2) . 89
The decrease in correct species classifications is due to more closely-related genomes appearing 90 over time in RefSeq, making it difficult for the classifier to distinguish them and forcing a move 91 up to the genus level. Overall, misclassified species-level calls were consistently rare, as reads 92 were misclassified at the species level an average of 7% of the time (Table 1; Fig. 2 ). The 93 fraction of reads classified at any taxonomic level, regardless of accuracy, increases as RefSeq 94 grows over time (Fig. 3) (Fig. 4) . While the number of genus-level calls made by Kraken increases over time 131 the number of unclassified and misclassified species calls decreases (most commonly B. 132
anthracis, B. thuringensis, and B. weihenstephanensis). 133 134
Bracken made species-level predictions for all reads no matter which version of bacterial RefSeq 135 was used (Fig. 4) The results of our study support three conclusions: (i) the RefSeq bacterial database composition 157 and diversity is dynamic, varying from release to release; (ii) the database composition strongly 158 influences the performance of k-mer based taxonomic identification methods, and (iii) Bayesian 159 based methods can help mitigate some of the effect, but struggle with novel genomes that have 160 close relatives in the database. 161 162
Database influences on k-mer based taxonomic classification 163
Using Bracken, the majority of Bacillus cereus ISSFR-23F simulated reads were not correctly 164 assigned to B. cereus but were more frequently mis-assigned as Bacillus anthracis or Bacillus 165 thuringiensis (Fig. 4B) Another observation worth highlighting is that the fraction of simulated reads classified as one of 176 the three B. cereus sensu lato species varied across database versions (Fig. 4) , with the exception 177 of B. cereus VD118, which was present in RefSeq releases 60 and 70 (Fig. 4A) . The variation in 178 species classifications across database versions indicates that even when using the same tools to 179 analyze the same dataset, the conclusions derived from this analysis can vary substantially 180 depending on which version of a database you are searching against, especially for genomes 181 belonging to difficult to classify species (i.e. require phylogenetic-based approaches). 182
183

Imperfect data 184
The genomic data deluge has helped to expand public repositories with a broader and deeper 185 view of the tree of life, but has also brought with it contamination and misclassification. repository). The OTU table was imported to QIIME (ver. MacQIIME 1.9.1-20150604) 25 . 257
Diversity metrics (Simpson, Shannon, Richness) were calculated using the "alpha_diversity.py" 258 script and plotted using the R base package. 
